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Abstract.5HVXOWVRIDQH[SHULPHQWDOLQYHVWLJDWLRQGHYRWHGWRWKHDVVHVVPHQWRIPHWKRGRORJLHV
DLPHGDWWKHIULFWLRQGUDJPHDVXUHPHQWLQWXUEXOHQWZDOOIORZVDUHSUHVHQWHG7ZRWHFKQLTXHV
IRUORFDOPHDVXUHPHQWVKDYHEHHQGHYHORSHG1DPHO\GLIIHUHQWYHUVLRQVRIWKHYHORFLW\SURILOH
PHWKRGKDYHEHHQXVHGIRUDWXUEXOHQWERXQGDU\OD\HUGHYHORSLQJRQDIODWSODWH7KHRLOIORZ
LQWHUIHURPHWHUKDVEHHQDUUDQJHGDQGUHVXOWVUHODWHGZLWKPHDVXUHPHQWVSHUIRUPHGLQDIXOO\
GHYHORSHGWXUEXOHQWFKDQQHOIORZDQGLQWKHWXUEXOHQWERXQGDU\OD\HUDUHSUHVHQWHG0RUHRYHU
DEDODQFHEDVHGRQD IORDWLQJEXR\DQF\V\VWHPILQDOL]HGWR WKHLQWHJUDOPHDVXUHPHQWRI WKH
IULFWLRQIRUFHDFWLQJRQWKHIODWSODWHLVSUHVHQWHG7KHUHVXOWVRIWKHWKUHHWHFKQLTXHVDUHFRP
SDUHGFRQVLGHULQJDVDUHIHUHQFHDZHOODVVHVVHGHPSLULFDOODZ*RRGOHYHORIPHDVXUHPHQW
DFFXUDF\XVLQJWKHEDODQFHKDVEHHQHYLGHQFHGKLJKOLJKWLQJWKHFDSDELOLW\RIWKHEDODQFHIRU
WKHFKDUDFWHUL]DWLRQRIPLFURJURRYHGVXUIDFHVDGGUHVVHGIRUIULFWLRQGUDJUHGXFWLRQDSSOLFD
WLRQV
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1 INTRODUCTION 
7KHULEOHWVWHFKQRORJ\DLPHGDWWKHIULFWLRQGUDJUHGXFWLRQFRQWLQXHVWRPDLQWDLQKLJKWKH
LQWHUHVWRIWKHVFLHQWLILFFRPPXQLW\GXHWRWKHEHQHILFLDOHIIHFWVHVSHFLDOO\LQFDVHRIDSSOLFDWLRQ
LQWKHDHURQDXWLFDOILHOG7KHULEOHWVWHFKQLTXHLVDSDVVLYHVROXWLRQDSSHDUHGLQWKHHDUO\¶
\HDU>@>@5HFHQWZRUNV>@>@FRQILUPWKHEHQHILFLDOHIIHFWVDQGRSHQQHZSHUVSHFWLYHV7KH
JUHDWSUREOHPWKDWUHPDLQWRVROYHIRUDODUJHVFDOHDSSOLFDWLRQRIWKHULEOHWWHFKQLTXHVLVWKH
PDQXIDFWXULQJRIWKHUHOLDEOHJURRYHVRQODUJHVXUIDFHV>@>@
)URPDQH[SHULPHQWDOSRLQWRIYLHZWKHIULFWLRQGUDJFKDUDFWHUL]DWLRQGXHWRWKHSUHVHQFHRI
PLFURURXJKQHVVUHTXLUHVDQDFFXUDWHWHFKQLTXHIRUWKHHYDOXDWLRQRIWKHVXFKGUDJ7KHVHHYDO
XDWLRQVFDQEHSHUIRUPHGORFDOO\XVLQJSUREHVRUZLWKDQDO\WLFDOPHWKRGVRULWFDQEHFDUULHG
RXWJOREDOO\E\PHDQVRIGLUHFWPHDVXUHPHQWVXVLQJDEDODQFH$QH[KDXVWLYHRYHUYLHZRQWKH
PHDVXUHPHQWWHFKQLTXHVGHYRWHGIRUWKHVNLQIULFWLRQLVUHSRUWHGE\:LQWHU>@)HUQKRO]HWDO
>@1DXJKWRQDQG6KHSODN>@IRFXVHGRQORFDOPHDVXUHPHQWVGHVFULELQJ0(06EDVHGVHQVRUV
RLOILOPLQWHUIHURPHWU\DQGOLTXLGFU\VWDOFRDWLQJV
:DOOVLPLODULW\WHFKQLTXHVDUHZLGHO\XVHGIRUWKHORFDOHYDOXDWLRQRIWKHZDOOVKHDUVWUHVV
PDNLQJXVHRIWKHYHORFLW\GLVWULEXWLRQLQWXUEXOHQWERXQGDU\OD\HU2QHRIWKHILUVWPHWKRGV
ZKLFKH[SORLWVWKHORFDOPHDQYHORFLW\SURILOHDQGWKHORJODZLVGXHWR&ODXVHU>@%DURQ
DQG4XDGULR>@SURSRVHGDPRGLILHGVORSHPHWKRGEDVHGRQWKHZDOOVLPLODULW\FDSDEOHRI
DFFXUDWHHYDOXDWLRQRIIULFWLRQYHORFLW\RQVPRRWKDQGJURRYHGVXUIDFHV
7KHGUDJEDODQFHVGLUHFWO\PHDVXUHWKHLQWHJUDWHGIRUFHGXHWRWKHZDOOVWUHVVGLVWULEXWLRQRQ
WKHVXUIDFHRIWKHIORDWLQJHOHPHQW$FKDU\DHWDO>@HPSOR\HGDUHGXFHGVL]HIORDWLQJHOHPHQW
LQVWUXPHQWHGXSRQDSUHFLVLRQJDOYDQRPHWHUWRPHDVXUHIULFWLRQGUDJLQDWXUEXOHQWERXQGDU\
OD\HU6SHFLILFDOO\GHVLJQHGDQGPDQXIDFWXUHGE\%HFKHUWHWDO>@LVDQRLOFKDQQHOIRUWKH
GUDJUHGXFWLRQLQYHVWLJDWLRQVRQODUJHIODWSODWH$QRULJLQDOEDODQFHZLWKODUJHIORDWLQJHOHPHQW
PHWHUORQJE\PHWHUZLGWKZDVXVHGE\.ULVKQDHWDO>@7KHDXWKRUVPHDVXUHGWKHGLV
SODFHPHQWRIWKHVHQVRUHOHPHQWWKDWZDVWUDQVODWHGLQWRDIRUFHPHDVXUHPHQWE\DORDGFHOO
0RUHGHWDLOHGDQDO\VLVZDVSHUIRUPHGE\%DDUVHWDO>@WKDWDFFXUDWHO\YDOLGDWHGWKHEDODQFH
UHSRUWHGLQ>@$VXIILFLHQWO\ODUJHIORDWLQJSODWHLVSDUWLFXODUO\LQGLFDWHGLQWKHFDVHRILQYHV
WLJDWLRQRQVXUIDFHVZLWKURXJKQHVVEHFDXVHLWDOORZVWKHGHYHORSPHQWRIHTXLOLEULXPFRQGLWLRQ
RIWKHZDOOIORZ$QRWKHUGLUHFWPHDVXUHPHQWRIWKHZDOOIULFWLRQIRUDORFDOHYDOXDWLRQLVWKH
RLOILOPLQWHUIHURPHWU\7KLVWHFKQLTXHLVUHOLDEOHDQGYHU\DWWUDFWLYHEHFDXVHLVIUHHIURPFDOL
EUDWLRQDQGZLWKRXWDQ\DVVXPSWLRQDERXWWKHIORZ,QIDFWWKHWHFKQLTXHFDQEHDSSOLHGWRIORZ
FKDUDFWHUL]HGE\SUHVVXUHJUDGLHQWZDOOFXUYDWXUH'ERXQGDU\OD\HUVDPRQJRWKHUV7KHGH
WHUPLQDWLRQRIWKHORFDOVKHDUVWUHVVLVEDVHGRQWKHREVHUYDWLRQRIDQRLOILOPVWUHWFKHGRXWE\
WKHZDOOIORZWKDWH[KLELWDV\VWHPRILQWHUIHUHQFHIULQJHV6TXLUH>@GHYHORSHGWKHPDWKHPDW
LFDOWUHDWPHQWRIWKHHYROXWLRQRIDWKLQRLOILOP)LUVWDSSOLFDWLRQVDUHGXHWR7DQQHUDQG%ORZV
>@0RQVRQ>@,QYHVWLJDWLRQRQDLUIRLOVXVLQJRLOILOPLQWHUIHURPHWHUWHFKQLTXHZDVSHU
IRUPHGE\'ULYHU>@DQG'ULYHUDQG'UDNH>@$SSOLFDWLRQLQDIXOO\GHYHORSHGFKDQQHO
IORZZDVDOVRSHUIRUPHGE\=XUORHWDO>@6RPHGUDZEDFNVDOVRFKDUDFWHUL]HWKLVWHFKQLTXH
VXFKDVWKHRLOFRQWDPLQDWLRQDQGWKHSUHVHQFHRIGXVWRQWKHVXUIDFH0RUHRYHUWKHGHWHUPLQD
WLRQRIWKHIULQJHVSDFLQJUHTXLUHVSDUWLFXODUDWWHQWLRQGXHWRWKHLQWULQVLFXQFHUWDLQW\SUHVHQWLQ
PHDVXUHPHQWV&KDXKDQHWDO>@LQWKHLUZRUNDQDO\]HGDPRGHGHFRPSRVLWLRQDQGWKH+LO
EHUWWUDQVIRUPIRUDPRUHDFFXUDWHHYDOXDWLRQRIWKHIULQJHVSDFLQJ
,QWKLVSDSHUGLIIHUHQWPHDVXUHPHQWVWHFKQLTXHVDUHSUHVHQWHGGHYRWHGIRUORFDODQGLQWHJUDO
VNLQIULFWLRQHYDOXDWLRQGHYHORSLQJLQZDOOWXUEXOHQWIORZV2LOILOPLQWHUIHURPHWU\LVDVVHVVHG
LQDIXOO\GHYHORSHGWXUEXOHQWFKDQQHOIORZDQGDOVRDSSOLHGIRUWKHFDVHRIDWXUEXOHQWERXQGDU\
OD\HUGHYHORSLQJRQDIODWSODWH:DOOVLPLODULW\PHWKRGVZHUHDVZHOOFRQVLGHUHGIRUWKHERXQG
DU\OD\HUH[SHULPHQW0RUHRYHUDIORDWLQJEDODQFHIRUGLUHFWPHDVXUHPHQWRIWKHIULFWLRQIRUFH
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DFWLQJRQDODUJHIORDWLQJSODWHLVSUHVHQWHG&RPSDULVRQRIWKHUHVXOWVSHUWDLQLQJWRWKHGLIIHUHQW
LQYHVWLJDWLRQVLVSHUIRUPHG
2 EXPERIMENTAL SET UP 
,QWKHIROORZLQJWKHFKDQQHOIORZDQGWKHZLQGWXQQHODUHGHVFULEHGDORQJZLWKWKHPHDV
XUHPHQWVWHFKQLTXHVGHYRWHGIRUWKHVNLQIULFWLRQIRUFHHYDOXDWLRQ
2.1 Wind tunnel and channel flow facilities 
7KHZLQGWXQQHOLVRIEORZLQJW\SHZLWKODUJHGLIIXVHUPRXQWHGMXVWGRZQVWUHDPRIWZRIDQV
SRVLWLRQHGDWWKHLQOHW$ODUJHVHWWOLQJFKDPEHUOLQNVWKHH[LWRIWKHUDSLGGLIIXVHUZLWKWKHHQWU\
RIWKHFRQYHUJHQWFKDUDFWHUL]HGE\DFRQWUDFWLRQUDWLR7KHWHVWVHFWLRQLVPHWHUVORQJ
ZKLOHWKHFURVVDUHDKDVZLGWKDQGKHLJKWHTXDOWRPDQGPUHVSHFWLYHO\,QILJXUHDWKH
SLFWXUHRIWKHZLQGWXQQHOLVVKRZQ$WWKHH[LWRIWKHWHVWVHFWLRQDFRUQHUZLWKDWXUQLQJYDQH
GHYLDWHVYHUWLFDOO\XSZDUGWKHIORZ,QWKLVUHJLRQDQDGMXVWDEOHSODWHDOORZVWKHFRQWURORIWKH
ORQJLWXGLQDOSUHVVXUHJUDGLHQWLQWKHWHVWVHFWLRQWRUHDFKDQRPLQDO]HURSUHVVXUHJUDGLHQWFRQ
GLWLRQ7KHYHORFLW\LQWKHWHVWVHFWLRQFDQEHYDULHGXSWRPVHF
D E
)LJXUH:LQGWXQQHODQGSODQHFKDQQHO
7KHSODQHFKDQQHOKDVDOHQJWKHTXDOWRPHWHUVDQGWKHFURVVVHFWLRQKDVKHLJKWDQGZLGWK
HTXDOWRPPDQGPPUHVSHFWLYHO\ZKLFKGHWHUPLQHDZLGWKWRHLJKWUDWLRHTXDOWRWKDW
HQVXUHVD'IORZLQDFRQVLGHUDEOHH[WHQVLRQLQWKHVSDQZLVHGLUHFWLRQ)XUWKHUPRUHWKHRYHU
DOOOHQJWKLVVXIILFLHQWWRHQVXUHDIXOO\GHYHORSHGIORZLQWKHWHVWVHFWLRQ$FHQWULIXJDOEORZHU
SURYLGH WR VHW WKH IORZ UDWH DFFRUGLQJ WR WKHGHVLUHG IORZ FRQGLWLRQ WREH WHVWHG7KH FURVV
VHFWLRQRIWKHFKDQQHOLVOLQNHGWRWKHH[LWRIWKHEORZHUWKURXJKDVHWWOLQJFKDPEHUDQGDFRQ
YHUJHQW7KH5H\QROGVQXPEHUEDVHGRQWKHIULFWLRQYHORFLW\UDQJHVIURPWR$ORQJ
WKHFHQWHUOLQHRIWKHFKDQQHOSUHVVXUHWDSVDUHGLVWULEXWHGIRUWKHSUHVVXUHGLVWULEXWLRQPHDV
XUHPHQW$SUHVVXUHWUDQVGXFHU'$6IRUP6FDQLYDOYHSURYLGHWKHVLPXOWDQHRXVUHDGLQJV
RIVHOHFWHGSUHVVXUHWDSVVLJQDOVIRUWKHSUHVVXUHGLVWULEXWLRQPHDVXUHPHQWV(DFKRIWKH
LQSXWVKDVDWKHUPRFRPSHQVDWHGSLH]RUHVLVWLYHWUDQVGXFHUFKDUDFWHUL]HGE\)6 ±3DDQG
DFFXUDF\HTXDO WR ±)67KHPD[LPXPVDPSOLQJVSHHGLVHTXDO WR+]FKDQQHO$
/$1FRQQHFWLRQOLQNVWKHSUHVVXUHWUDQVGXFHUGLUHFWO\WRDSF7KHWHVWVHFWLRQZKHUHPHDVXUH
PHQWVDUHSHUIRUPHGLVSRVLWLRQHGGRZQVWUHDPWKHHQWUDQFHDWDGLVWDQFHHTXDOWRPHWHUIURP
WKHLQOHW7KHXSSHUZDOORIWKHFURVVVHFWLRQLVODUJHUWKDQWKHFKDQQHOZLGWKDOORZLQJWKHWUDQV
YHUVDOPRYHPHQW LQRUGHU WR LQYHVWLJDWH WKHIORZLQ WKHVSDQZLVHGLUHFWLRQZKHQSUREHVDUH
XVHG,QILJXUHEWKHSLFWXUHRIWKHFKDQQHOLVGLVSOD\HG
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2.2 Oil film interferometry: channel flow application and data reduction  
$ILUVWH[SHULPHQWZDVDUUDQJHGLQWKHSODQHFKDQQHOVHWWLQJGLIIHUHQWIXOO\GHYHORSHGIORZV
,QWKLVDSSDUDWXVWKHRLOIORZLQWHUIHURPHWHU2),WHFKQLTXHZDVXVHG7KHHQGRIWKLVLQYHVWL
JDWLRQZDVWRDVVHVVDFFXUDWHO\WKHH[SHULPHQWDOVHWXSRIWKHRLOIORZLQWHUIHURPHWHUWHFKQLTXH
WKHWXQLQJRIPHDVXUHPHQWVSDUDPHWHUVDQGWKHSRVWSURFHVVLQJRIWKHGDWDIRUDUHOLDEOHHYDOX
DWLRQRIWKHVNLQIULFWLRQ)URPWKLVSRLQWRIYLHZWKHFKDQQHOIORZLVDUREXVWUHIHUHQFHIORZ
IRUWKHDFFXUDWHDVVHVVPHQWRIWKHLQWHUIHURPHWHUWHFKQLTXH,QIDFWLWZDVSRVVLEOHWRYHULI\WKH
OHYHORIDFFXUDF\FRPSDULQJWKHVNLQIULFWLRQHYDOXDWHGXVLQJWKHRLOILOPPHWKRGZLWKWKRVHRI
WKHFKDQQHOIORZEDVHGRQWKHSUHVVXUHJUDGLHQWPHDVXUHPHQW)RUDIXOO\GHYHORSHGFKDQQHO
IORZZDOOVKHDUVWUHVVDQGSUHVVXUHJUDGLHQWDUHOLQNHGE\WKHUHODWLRQ
  ! = "d#d$"%2 
2QFHWKHRSWLFDOWHFKQLTXHZDVZHOODVVHVVHGLWZDVHPSOR\HGLQWKHERXQGDU\OD\HULQYHV
WLJDWLRQIRUWKHFRPSDULVRQZLWKWKHRWKHUWHFKQLTXHVQDPHO\WKHZDOOVLPLODULW\ODZDQGWKH
EDODQFHIRUGLUHFWPHDVXUHPHQW
7KHHTXLSPHQWXVHG LQ WKHSUHVHQWH[SHULPHQW IRU WKHRLO ILOP LQWHUIHURPHWHU WHFKQLTXHV
ZLGHO\HPSOR\HGLQODERUDWRULHVFRQVLVWVLQDVLPSOHDUUDQJHPHQWFRPSRVHGE\DODPSDFDP
HUDDQGDSSURSULDWHRLO7KHLOOXPLQDWLQJV\VWHPUHTXLUHDPRQRFKURPDWLFOLJKWDQGZHFKRVHD
VRGLXPYDSRUODPSZLWKDZDYHOHQJWKl QP7KHRLOKDVWREHFKDUDFWHUL]HGE\VRPHSH
FXOLDULWLHVUHFRPPHQGHGLQELEOLRJUDSK\6LOLFRQRLODUHVXJJHVWHGGXHWRWKHYHU\ORZVHQVL
WLYLW\RIWKHYLVFRVLW\WRWKHWHPSHUDWXUHDQGDOVRGXHWRWKHODUJHLQGH[RIUHIUDFWLRQ2LOVZLWK
GLIIHUHQWYLVFRVLW\DUHDYDLODEOHDQGWKHVSHFLILFFKRLFHLVUHODWHGZLWKWKHVWUHQJWKRIWKHZDOO
VKHDUVWUHVV
,QWKHH[SHULPHQWVZHXVHGRLOIURP'RZ&RUQLQJKLJKO\XVHGIRUWKLVPHDVXUHPHQWV,Q
SDUWLFXODUZHHPSOR\HGRLOZLWKYLVFRVLW\HTXDOWRF6WIRUORZ5H\QROGVQXPEHUDQGDQG
F6W IRU LQFUHDVLQJ5H\QROGV QXPEHUV 7KH FDPHUDV XVXDOO\ XVHG DUH RI &&' W\SH:H
DGRSWHGD1LNRQ'ZLWKDUHVROXWLRQRI0SL[HOVFRXSOHGZLWKDQRSWLFKDYLQJDIRFDO
OHQJWKHTXDOWRPP&DPHUDIUDPHUDWHIRFDOL]DWLRQDQGOLJKWVHQVLWLYLW\DUHPDQDJHGZLWK
WKHRSHQVRXUFHSURJUDPGLJL&DP&RQWURO$ODVWUHTXLUHPHQWLVOLQNHGZLWKWKHRSWLFDOSURS
HUWLHVRIWKHZDOOXQGHULQYHVWLJDWLRQWKDWPXVWEHDVVPRRWKDVSRVVLEOHWRDYRLGGLVWXUEDQFHV
RQWKHGHYHORSLQJILOP(YHQWKHSUHVHQFHRIVPDOOSDUWLFOHVRIGXVWRQWKHVXUIDFHLQIOXHQFH
ORFDOO\WKHVKDSHRIWKHIULQJHV,QWKHFDVHRIVXIILFLHQWO\WKLQRLOILOPDOLQHDUUHODWLRQVKLSKROGV
EHWZHHQWKHWKLQQLQJUDWHDQGWKHVKHDUIRUFHDFWLQJXSRQLW7KHWKLFNQHVVRIWKHRLOILOPLV
PRVWHDVLO\PHDVXUHGXVLQJWKHLQWHUIHURPHWHUWHFKQLTXHWKDWDOORZWKHJHQHUDWLRQRIIULQJHVLQ
WKHRLOILOP)ROORZLQJWKHHYROXWLRQRIWKHRLOGURSLQWKHVWDJHRIWKLQILOPRYHUWKHVXUIDFHLW
LVSRVVLEOHWRFRUUHODWHWKHWKLQQLQJUDWHDQGWKHVKHDUVWUHVVDFFRUGLQJWRWKHUHODWLRQJLYHQE\
0DUXVLFHWDO>@
 ! = 2& '( )*+, - *./0, 13*4/,
ZKHUHPLVWKHJURZLQJUDWHRIWKHIULQJHVSDFLQJZKLOHmLVWKHRLOYLVFRVLW\lLVWKHOLJKW
ZDYHOHQJWKQRDQGQDLUUHSUHVHQWWKHRLODQGWKHDLUUHIUDFWLRQLQGH[UHVSHFWLYHO\)LQDOO\qLLV
WKHLQFLGHQFHDQJOHRIWKHOLJKW7KHRQO\TXDQWLW\WREHPHDVXUHGWRGHWHUPLQHWKHZDOOVKHDU
VWUHVVLVPEHLQJDOOWKHUHPDLQLQJSDUDPHWHUVNQRZQ7KHTXDQWLW\PH[SUHVVHVWKHWLPHYDUL
DWLRQRIWKHIULQJHVVSDFLQJGHILQHGDV
 & = 56789:;<6789>5?9:;<?9> 
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,QWKLVUHODWLRQ6$?9:; @and@@6$?9UHSUHVHQWWKHIULQJHVVSDFLQJHYDOXDWHGIURPWZRFRQVHFXWLYHLPDJHVUHFRUGHGDWWKHWLPHLQVWDQWVABCD@and@ABUHVSHFWLYHO\7KHLQVWDQWDQHRXVVSDFLQJZDVILUVWHYDOXDWHGGHYHORSLQJD0$7/$%FRGHEDVHGRQDVLQXVRLGDOLQWHUSRODWLRQXVHGE\
:KLWH>@,QILJXUHDQH[DPSOHRIWKHIULQJHSDWWHUQLVVKRZQ7KHIORZLVIURPWRSWR
GRZQ




  

)LJXUH([DPSOHRILQVWDQWDQHRXVIULQJHVSDWWHUQJHQHUDWHGLQWKHRLOILOPDQGVHOHFWHGDUHD

$VFDQEHVHHQFURVVLQJWKHIULQJHVWKHYDULDWLRQRIWKHOLJKWLQWHQVLW\KDYHDSHULRGLFEH
KDYLRXUWHQGLQJWRZDUGVDVLQXVRLGDOIRUPZLWKDSHULRGWKDWFRUUHVSRQGVWRWKHIULQJHVVSDFLQJ
,QILJXUHDDQH[DPSOHRIWKHOLJKWLQWHQVLW\GLVWULEXWLRQDORQJWKH[FRRUGLQDWHKDYLQJRULJLQ
DWWKHKHDGRIWKHRLOILOPLVGLVSOD\HGIRUDVDPSOHFDSWXUHGDWWKHWLPHLQVWDQWW

D E
)LJXUHD3HULRGLFOLJKWYDULDWLRQVFURVVLQJWKHIULQJHVDWWKHWLPHWE7LPHHYROXWLRQRIWKHIULQJHVVSDFLQJ
GHULYLQJIURPWKHDQDO\VLVRIDOOWKHLPDJHV

$0DWODEVFULSWILWVDIRXUSDUDPHWHUVLQHZDYHRIWKHIRUPI[ &VLQ&[&&WRWKH
GDWDVHWE\XVLQJDIXQFWLRQZKLFKPLQLPL]HVWKHUPVHUURUEHWZHHQWKHYDOXHVRIWKHGDWDVHW
DQGWKHVLQHZDYH7KHFRQVWDQW&UHSUHVHQWVWKHDPSOLWXGHRIWKHVLQHZDYH& LVDSKDVH
VKLIW&LVDQRIIVHWIURPWKH[D[LVDQGUHSUHVHQWVDQDYHUDJHSL[HOLQWHQVLW\YDOXH&UHSUH
VHQWVWKHVSDFHIUHTXHQF\RUZDYHOHQJWKLQSL[HOVRIWKHVLQHZDYH7KLVLVWKHPRVWLPSRUWDQW
SDUDPHWHUEHFDXVHLWFRUUHVSRQGVWRWKHIULQJHVSDFLQJ,QILJXUHEWKHZDYHOHQJWKRIWKHVSDF
LQJLHWKHIULQJHVSDFLQJDVDIXQFWLRQRIWKHWLPHHYDOXDWHGIURPWKHFRPSOHWHVHWRILPDJHV
LVVKRZQ$VFDQEHVHHQWKHWLPHEHKDYLRXURIWKHIULQJHVSDFLQJLVOLQHDUDQGWKHVORSHPLV
HDVLO\HYDOXDWHG
2.3 Flat plate turbulent boundary layer: experimental set up and wall similarity methods  
7KHVHFRQGH[SHULPHQWZDVVHWXSLQWKHZLQGWXQQHOIRUWKHLQYHVWLJDWLRQRIWKHWXUEXOHQW
ERXQGDU\OD\HURYHUDIODWSODWHWKHPHDVXUHPHQWVRIWKHERXQGDU\OD\HUYHORFLW\SURILOHVDUH
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SHUIRUPHG2QO\RQDSDUWRIWKHIODWHSODWH7KLVSDUWLVDOVRPDGHLQGHSHQGHQWIURPWKHODUJHU
DQGIL[HGSODWHWKDWFRYHUWKHZKROHZLGWKRIWKHWHVWVHFWLRQDQGFDQIORDWLQWKHIORZGLUHFWLRQ
8SVWUHDPLQSUR[LPLW\RIWKHFRQYHUJHQWWKHIL[HGSODWHLVOLQNHGZLWKWKHORZHUZDOORIWKH
WHVWVHFWLRQXVLQJDGRXEOHFXUYDWXUHVKDSH WKDW UHGXFHV WKH  WHVWVHFWLRQFURVVVHFWLRQ WRDQ
HIIHFWLYHKHLJKWRIPHWHUV,QILJXUHGHWDLORIWKHWHVWVHFWLRQDQGRIWKHIORDWLQJSODWHLV
GLVSOD\HG7KLV ODVWFRPSRQHQW LV WKHFRUH³VHQVRU´RI WKHVNLQ IULFWLRQEDODQFH WKDWZLOOEH
GHVFULEHGLQGHWDLOLQWKHQH[WVHFWLRQ
0HDQ YHORFLW\ GLVWULEXWLRQV LQ WKH WXUEXOHQW ERXQGDU\ OD\HU ZHUH PHDVXUHG LQ YDULRXV
VWUHDPZLVHSRVLWLRQVDWWKHFHQWHUOLQHRIWKHIORDWLQJSODWHXVLQJDIODWWHQHGWRWDOSUHVVXUHSUREH
ZLWKH[WHUQDOWKLFNQHVVHTXDOWRPP$SRVLWLRQLQJV\VWHPPRWRUL]HGZLWKDVWHSSHUPRWRU
UHPRWHO\FRQWUROOHGSURYLGHGWKHGLVSODFHPHQWRIWKHSUREHDORQJWKHERXQGDU\OD\HU7KHVWDWLF
SUHVVXUHZDVPHDVXUHGWKURXJKWKHSUHVVXUHWDSVUHDOL]HGRQWKHIL[HGSDUWRIWKHSODWHDGMDFHQW
WRWKHIORDWLQJHOHPHQW$FDSDFLWLYHSUHVVXUHWUDQVGXFHU(PRGHOE\6(75$ZLWKDIXOO
VFDOHHTXDOWR±36,'DQGDFFXUDF\HTXDOWR±)6SURYLGHGWKHPHDVXUHPHQWVRIWKH
G\QDPLFSUHVVXUHIRUWKHYHORFLW\HYDOXDWLRQ,QDGGLWLRQWRWKHSUHVVXUHWDSVLQWKHVWUHDPZLVH
GLUHFWLRQWZROLQHVRISUHVVXUHWDSVZHUHGLVSRVHGDOVRLQWKHWUDQVYHUVHGLUHFWLRQVWRFKHFNWKH
SUHVVXUHJUDGLHQW7KHUHDGLQJVRI WKHSUHVVXUHZHUHFDUULHGRXWXVLQJD6FDQLYDOYH =2&
FRPELQHGZLWKWKH6PDUW=2&GLUHFWO\FRQQHFWHGYLD/$1ZLWKDFRPSXWHU7KH=RFDOORZV
WKHVLPXOWDQHRXVPHDVXUHPHQWRIXSWRSUHVVXUHFKDQQHOVZLWKDIXOOVFDOHHTXDOWR±LQFK
+2DQGDQDFFXUDF\HTXDOWR±)67KHUHDGLQJRIWKH6(75$SUHVVXUHWUDQVGXFHUVLJQDO
ZDVVDPSOHGXVLQJD1,GDWDDFTXLVLWLRQV\VWHPFRPSRVHGE\DF'$4PDLQIUDPHDQGD
1,PRGXOHKDYLQJDQ$'UHVROXWLRQHTXDOWRELW
7KHQHDUZDOOPHDVXUHPHQWVXVLQJDWRWDOSUHVVXUHSUREHVXIIHUIURPWKHHIIHFWVLQWURGXFHG
E\WKHYHORFLW\VKHDUDFURVVWKHLQOHWRIWKHWXEHDQGIURPWKHEORFNDJHRIWKHSUREH7RWKLVHQG
WKHPHDVXUHGGDWDRIWKHWRWDOSUREHZHUHFRUUHFWHGXVLQJWKHSURFHGXUHLQGLFDWHGE\%DLOH\HW
DO>@,QWKHIROORZLQJILJXUHFWKHWRWDOSUHVVXUHSUREHLVGLVSOD\HGDORQJZLWKWKHIORDWLQJ
IODWSODWH
$ODUJHYDULHW\RIWHFKQLTXHVEDVHGRQWKHZDOOVLPLODULW\DUHSUHVHQWLQWKHOLWHUDWXUH7KH
PDMRULW\RIWKHVHPHWKRGVDUHEDVHGRQWKHORJDULWKPLFYHORFLW\GLVWULEXWLRQLQWKHLQQHUSDUWRI
WKHWXUEXOHQWERXQGDU\OD\HUGHYHORSLQJLQFRQGLWLRQRI]HURSUHVVXUHJUDGLHQWDQGIXOO\GHYHO
RSHGIORZ1DPHO\LQWKDWUHJLRQWKHODZGHVFULELQJWKHYHORFLW\GLVWULEXWLRQLVJLYHQLQWKH
QRQGLPHQVLRQDOIRUPDVIROORZV EEF = GH ln IJEFK L M N
ZKHUHNDQG&DUHWKHYRQ.DUPDQDQG&ROHVFRQVWDQWV:HDVVXPHGIRUVXFKFRQVWDQWVYDOXHV
HTXDO WRDQG UHVSHFWLYHO\ DFFRUGLQJ WR WKH OLWHUDWXUHGDWD7KH WHUPEFLV WKH IULFWLRQYHORFLW\DQG\LVZDOOQRUPDOGLVWDQFH
:HIROORZHGWZRSURFHGXUHVIRUWKHVNLQIULFWLRQHYDOXDWLRQ7KHILUVWSURFHGXUHLVEDVHGRQ
WKHPRGLILHGVORSHPHWKRGFHQWHUHGRQ WKH ORJ ODZDV UHSRUWHGE\%DURQDQG4XDGULR>@
0RUHRYHUZHFRQVLGHUWKHYDQ'ULHVWUHODWLRQ>@WKDWH[SUHVVWKHQRQGLPHQVLRQDOYHORFLW\
GLVWULEXWLRQYDOLGIURPWKHYLVFRXVVXEOD\HUXSWRWKHHQGRIWKHORJDULWKPLFUHJLRQ
7KHPDLQSUREOHPXQGHUO\LQJWKHXVHRIWKHORJDULWKPLFODZLVWKHUHOLDEOHLGHQWLILFDWLRQRI
WKHORJUHJLRQLQWKHH[SHULPHQWDOGDWDSORWWHGLQVHPLORJDULWKPLFSODQH%DURQDQG4XDGULR
LGHQWLILHGWKHFHQWUDOSRLQWRIWKHORJUHJLRQFRQVLGHULQJWKDWLWLVFRLQFLGHQWZLWKWKHLQIOHFWLRQ
SRLQWRIWKHYHORFLW\GLVWULEXWLRQ1HYHUWKHOHVVDVXIILFLHQWQXPEHURIH[SHULPHQWDOGDWDDUH
QHFHVVDU\WREHLGHQWLILHGDURXQGWKHFHQWUDOSRLQWIRUWKHDFFXUDWHHYDOXDWLRQRIWKHFRQVWDQW
VORSHUHJLRQRIWKHYHORFLW\GLVWULEXWLRQWRZKLFKWKHIULFWLRQYHORFLW\LVVWULFWO\UHODWHG,QVWHDG
196
*,XVR66HGGD03HVDQGRDQG&6DUGX
RIHYDOXDWLQJWKHVORSHIRUDFRQWLQXRXVLQFUHDVLQJQXPEHURI1SRLQWVDURXQGWKHLQIOHFWLRQ
SRLQWDVGRQHE\%DURQDQG4XDGULR>@ZHGHILQHGDGLIIHUHQWQXPEHURISRLQWVRQWKHOHIW
DQGULJKWVLGHRIWKHLQIOHFWLRQSRLQWWKDWDUHLQVLGHWKHFRQVWDQWVORSHUDQJH$OOWKHH[SHUL
PHQWDOGDWD LQ WKHVHPLORJDULWPLFSODQHZHUHILUVW ILWWHGXVLQJDWKRUGHUSRO\QRPLDO7KH
GHILQLWLRQRIRIWKLVDQDO\WLFDOIXQFWLRQDOORZHGWKHLGHQWLILFDWLRQRIWKHLQIOHFWLRQSRLQW7KH
DXWKRUVSUHIHUWKLVSURFHGXUHEHFDXVHWKHORFDWLRQRIWKHLQIOHFWLRQSRLQWLVLQIOXHQFHGIURPWKH
5H\QROGVQXPEHU,QIDFWWKLVSRLQWPRYHVWRZDUGVWKHEXIIHUOD\HUDVWKH5H\QROGVQXPEHU
LQFUHDVHV,QDGGLWLRQWKHH[WHQVLRQVRIWKHORJDULWKPLFUHJLRQLQFUHDVHV)RUWKHVHUHDVRQVDW
KLJK5D\QROGVQXPEHUVLWLVSUHIHUDEOHWRFRQVLGHUPRUHSRLQWVWRZDUGVWKHRXWHUOD\HUGLUHFWLRQ
7KLVLQIOXHQFHZDVWHVWHGXVLQJWKHGDWDEDVHRI2VWHUOXQG>@)XUWKHUPRUHWKHHYHQWXDOSUHV
HQFHRIDQRYHUVKRRWRIWKHYHORFLW\GLVWULEXWLRQPDNHVPRUHGLIILFXOWWKHLGHQWLILFDWLRQRIWKH
ORJUHJLRQLQLWVORZHUSDUW7KHRYHUVKRRWYHORFLW\EHKDYLRULVZHOOGRFXPHQWHGLQWKHOLWHUDWXUH
DQG0RQNHZLW]>@JDYHDQDQDO\WLFDOH[SUHVVLRQIRUWKHEXPSRIWKHYHORFLW\)RUHDFKFRP
ELQDWLRQRIWKHOHIWDQGULJKWSRLQWVD0DWODEURXWLQHSURYLGHVWKHYDOXHRIWKHXQNQRZQIULFWLRQ
YHORFLW\WKURXJKDQRSWLPL]DWLRQSURFHGXUHJLYHQWKHYDOXHVRIWKHFRQVWDQWVNDQG&6RPH
DQDO\VLVZHUHDOVRSHUIRUPHGFRQVLGHULQJDVXQNQRZQVERWKWKHIULFWLRQYHORFLW\DQGWKHRIIVHW
RI WKH LQLWLDOYDOXHRI WKHGLVWDQFH IURP WKHZDOOD\R LQ WKH ORJ ODZ$VD UHIHUHQFH IRU WKH
HVWLPDWLRQWKHFODVVLF&ODXVHUPHWKRGZDVDOVRFRQVLGHUHGIRUDSUHOLPLQDU\HVWLPDWLRQRIWKH
ORFDOIULFWLRQFRHIILFLHQW
7KHVHFRQGSURFHGXUHUHOLHVRQWKHYDQ'ULHVWHTXDWLRQZKLFKKDVWKHDGYDQWDJHRIDXQLTXH
IRUPXODWLRQYDOLGIURPWKHYLVFRXVVXEOD\HUXSWRWKHHQGRIWKHORJDULWKPLFUHJLRQ7KHYDQ
'ULHVWYHORFLW\GLVWULEXWLRQLVH[SUHVVHGDV
EC = O 2JCP M QP, M RS5JC>T
:
U @where@ VW
XS5JC> = YHJC ZG - exp Z-JC[C\\],P = G[C = 2^ _`
b
,QWKLVFDVHLWLVQHFHVVDU\WRLGHQWLI\RQO\WKHXSSHUOLPLWRIWKHORJUHJLRQ7RWKLVHQGZH
HGXFHGIRUPWKHH[SHULPHQWDOGDWDDVHFRQGLQIOHFWLRQSRLQWWKDWLVSRVLWLRQHGLQWKHUHJLRQ
EHWZHHQWKHXSSHUSDUWRIWKHORJUHJLRQDQGWKHLQLWLDOSDUWRIWKHRXWHUOD\HU6WDUWLQJIURP
WKLVSRLQWZHHOLPLQDWHDQLQFUHDVLQJQXPEHURIH[SHULPHQWDOGDWDWRZDUGVWKHORJDULWKPLF
UHJLRQDQGIRUHDFKRIWKHUHPDLQLQJSRLQWVWKH0DWODESURJUDPSURYLGHWKHHVWLPDWLRQRI
WKHIULFWLRQYHORFLW\WKURXJKWKHVDPHSUHYLRXVRSWLPL]DWLRQPHWKRG7KHLQIOHFWLRQSRLQWV
ZKLFKHYHULVWKHPHWKRGVDUHFOHDUO\YLVLEOHLIWKHYHORFLW\GDWDSRLQWVDUHSORWWHGLQDVHPL
ORJSODQHX\\
2.4 Balance for integrated skin friction measurement 
7KHLGHDXQGHUOLQJWKHGHVLJQRIDEDODQFHIRUWKHGLUHFWPHDVXUHPHQWRIWKHLQWHJUDOIULFWLRQ
IRUFHGHULYHVIURPWKHVROXWLRQDGRSWHGE\.ULVKQDHWDO>@WKDWXVHGDODUJHIORDWLQJSODWH
PHWHU[PHWHUZKLFKVXVSHQVLRQZDVJXDUDQWHHGE\DV\VWHPRIIRXUDLUEHDULQJVDSSO\LQJ
DSUHVVXUHHTXDOWRSVL,QWKHSUHVHQWGHVLJQZHH[SORLWHGDK\GUDXOLFV\VWHPIRUWKHEXR\
DQF\DQGWKHIORDWLQJRIWKHLQQHUSODWH)RXUZDWHUUHVHUYRLUVPRXQWHGRQWKHZDOORIWKHZLQG
WXQQHOJHQHUDWHWKHEXR\DQF\QHHGHGE\WKHIORDWLQJDSSDUDWXV WKDWVXSSRUWV WKHSODWHXQGHU
LQYHVWLJDWLRQ7KHOHYHORIWKHZDWHULQWKHUHVHUYRLUVLVDGMXVWDEOHDGGLQJRUUHPRYLQJZDWHU
LQRUGHUWRHQVXUHWKHDOLJQPHQWEHWZHHQWKHIL[HGDQGWKHIORDWLQJSODWH2QERWKVLGHVRIWKH
IORDWLQJDSSDUDWXVWZR/9'7VHQVRUVDUHV\PPHWULFDOO\PRXQWHGIRUWKHPHDVXUHPHQWRIWKH
GLVSODFHPHQWRIWKHWHVWSODWHXQGHUWKHDFWLRQRIWKHIULFWLRQIRUFHDFWLQJRQLWVVXUIDFH7KH
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GLVSODFHPHQWDUHWUDQVODWHGLQWKHIULFWLRQIRUFHWKURXJKFDOLEUDWLRQFXUYHV7KHGLVSODFHPHQW
VHQVRUVKDYHKLJKDFFXUDF\HTXDOWR)6FRUUHVSRQGLQJWR±mPWKDWPHDQV±YLV
FRXVOHQJWKDWDIUHHVWUHDPYHORFLW\HTXDOWRPVHF%HWZHHQWKHIORDWLQJSODWHDQGWKHHPSW\
F\OLQGHUDODE\ULQWKV\VWHPPDGHRIVPDOOFKDQQHOVZDVLQVHUWHGWRPLQLPL]HWKHOHDNDJHHIIHFWV
WKURXJKWKHXQDYRLGDEOHJDSVSUHVHQWDURXQGWKHIORDWLQJSODWH,QILJXUHVRPHSLFWXUHVRIWKH
FRPSRQHQWVRIEDODQFHDUHVKRZQ
D EF
)LJXUHD:DWHUUHVHUYRLUVDQGHPSW\F\OLQGHUVE/9'7VHQVRUVDQGIORDWLQJV\VWHPF)ORDWLQJSODWH
7KHYHUWLFDOSRVLWLRQRIWKHIORDWLQJSODWHZDVPHDVXUHGE\PHDQRID ODVHUGLVSODFHPHQW
VHQVRUPRXQWHGRQWKHZLQGWXQQHOZDOOMXVWLQWKHFHQWHURIWKHORZHUSDUWRIWKHSODWH
)RUDQDFFXUDWHHYDOXDWLRQRIWKHIULFWLRQGUDJWKHVSXULRXVHIIHFWVRIWKHORQJLWXGLQDOSUHV
VXUHJUDGLHQWKDYHWREHWDNHQDOVRLQWRDFFRXQW,QIDFWWKHSUHVHQFHRIDORQJLWXGLQDOSUHVVXUH
JUDGLHQWLQWURGXFHVDEXR\DQF\IRUFHGLUHFWHGDVWKHIUHHVWUHDPYHORFLW\WKDWGLUHFWO\DIIHFWV
WKHGUDJ7KHUHVXOWLQJSUHVVXUHJUDGLHQWORQJLWXGLQDOIRUFHLVUHODWHGWRWKHYROXPHRIWKHIORDW
LQJERG\DQGWRWKHSUHVVXUHJUDGLHQWDVIROORZ
cf = "dpdx" g i
1RPLQDOO\RQWKHIODWSODWHWKHSUHVVXUHJUDGLHQWLVHTXDOWR]HUREXWGXHWRWKHFRQILJXUD
WLRQRIWKHH[SHULPHQWDUHVLGXDOVOLJKWSUHVVXUHJUDGLHQWFDQEHSUHVHQWDOWKRXJKDWWHQWLRQ
DQGSUHFDXWLRQDUHFRQVLGHUHGLQWKHUHDOL]DWLRQ7KHUHIRUHWKLVSUHVVXUHJUDGLHQWKDVWREH
PHDVXUHGDQGFRQVLGHUHGLQWKHHYDOXDWLRQRIWKHIULFWLRQIRUFH7RWKLVHQGWKHSUHVVXUHWDSV
DORQJWKHIL[HGSDUWRIWKHSODWHKDYHSURYLGHGWKHPHDVXUHPHQWRIWKHSUHVVXUHJUDGLHQWIRU
HDFKWHVW
3 RESULTS 
,QWKHIROORZLQJWKHUHVXOWVUHODWHGZLWKERWKH[SHULPHQWVXVLQJWKHGLIIHUHQWWHFKQLTXHVDUH
SUHVHQWHG0RUHRYHUDFRPSDUDWLYHDQDO\VLVRIWKHUHVXOWVLVVKRZQ
,QILJXUHUHVXOWVRIWKHZDOOVKHDUVWUHVVPHDVXUHGE\PHDQVRIWKH2),WHFKQLTXHDQGXVLQJ
WKHYDOXHVRIWKHSUHVVXUHJUDGLHQWLQWKHFKDQQHOIORZDUHUHSRUWHG7KHVHUHVXOWVDUHVKRZHG
LQWHUPVRIQRQGLPHQVLRQDOSUHVVXUHGURSYHUVXVWKH5H\QROGVQXPEHURIWKHFKDQQHOEDVHGRQ
WKHFHQWHUOLQHYHORFLW\DQGWKHK\GUDXOLFGLDPHWHURIWKHFKDQQHO,QWKHVDPHGLDJUDPDOVRWKH
DQDO\WLFDOODZVIRUWKHODPLQDUDQGWKHWXUEXOHQWUHJLPHVDUHGLVSOD\HGDVUHIHUHQFH
7KHOHYHORIDFFRUGDQFHEHWZHHQWKHUHVXOWVRIWKHWZRWHFKQLTXHVLVFRQVLGHUDEOH$OVRD
JRRGDJUHHPHQWEHWZHHQWKHH[SHULPHQWDOGDWDZLWKUHVSHFWWRWKHIULFWLRQODZVIURPWKHOLWHU
DWXUHLVDWWHVWHG ,QWKHWUDQVLWLRQDOUHJLPHWKHPHDVXUHPHQWDUHOHVVDFFXUDWHGXHWR WKHQRW
UHJXODUHYROXWLRQRIWKHGURSXQGHUWKHIORZLQWHUPLWWHQF\EHKDYLRULQWKLVUHJLPH
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


)LJXUH&KDQQHOIORZRLOILOPDQGSUHVVXUHJUDGLHQWVNLQIULFWLRQFRPSDULVRQ

)RUWKHRLOILOPLQWHUIHURPHWHUWHFKQLTXHWKHXQFHUWDLQW\DQDO\VLVRQWKHHYDOXDWLRQRIWKH
VNLQIULFWLRQRLOILOPZDVSHUIRUPHGDFFRUGLQJWKHVWXG\RI0RIIDW>@7KHUHODWLRQIRUWKLV
LQYHVWLJDWLRQIROORZVWKHHUURUSURSDJDWLRQDQGLVJLYHQEHORZ

j ! = kmZo !oHq jHq\,
s
qtD 

7KHFRQWULEXWLRQVGXHWRWKHUHIUDFWLRQLQGH[HVDQGWRWKHZDYHOHQJWKRIWKHOLJKWZHUHIL[HG
WR]HUREHFDXVHZHDVVXPHGWKHPZLWKRXWXQFHUWDLQW\DQGLQDQ\FDVHWKHLQIOXHQFHWHVWHGLV
YHU\VPDOO2QO\ WKHFRQWULEXWLRQVUHODWHGZLWK WKHGHSHQGHQFHRI WKHVNLQ IULFWLRQIURPWKH
YLVFRVLW\IURPWKHJURZWKUDWHRIWKHIULQJHVVSDFLQJPDQGIURPWKHLQFLGHQFHDQJOHRIWKH
OLJKWqZHUHFRQVLGHUHG,QILJXUHWKHDPRXQWRIWKHWKUHHFRQWULEXWLRQXQGHUWKHVTXDUHURRW
IRUILYH5H\QROGVQXPEHUVUDQJLQJIURPWR×DUHGLVSOD\HG7KHXQFHUWDLQWLHV@jHqIRU
WHPSHUDWXUHWKHDQJOHRILQFLGHQFHRIWKHOLJKWZHUHGHILQHGDFFRUGLQJWRWKHLQVWUXPHQWDWLRQV
XVHG)RUWKHVHWZRODVWSDUDPHWHUVWKHXQFHUWDLQW\ZHUHUHVSHFWLYHO\ju = vyG°DQGj4 = vy2°
DQGZHUH IL[HG IRUDOO WKH WHVWV7KHXQFHUWDLQW\j& OLQNHG WR WKHJURZWK UDWHRI WKH IULQJH
VSDFLQJZDVHYDOXDWHGFRQVLGHULQJWKHOLQHDUUHJUHVVLRQRIWKHH[SHULPHQWDOGDWDDQGWKHUXOH
IRUWKHHVWLPDWLRQRIWKHVORSHXQFHUWDLQW\7KLVODVWXQFHUWDLQW\LV5H\QROGVGHSHQGHQWDQGKDV
EHHQWDNHQLQWRDFFRXQWLQWKHILQDOXQFHUWDLQWLHVUHVXOWVUHSRUWHGLQWKHIROORZLQJILJXUH
 $VFDQEHREVHUYHGWKHPRVWFULWLFDOFRQWULEXWLRQLVWKHRQHVOLQNHGZLWKWKHHIIHFWRIWKH
YLVFRVLW\GXHWR LWVGHSHQGHQFHIURPWKHWHPSHUDWXUH ,QIDFW LW LVHYLGHQW WKDW WKHYLVFRVLW\
WHPSHUDWXUHHIIHFWKDVIRUDOO WKH5H\QROGVQXPEHUVWKHJUHDWHVWYDOXHDW OHDVWRQHRUGHURI
PDJQLWXGHKLJKHUWKDQWKHRWKHUVFRQWULEXWLRQV$VHQVLWLYLW\DQDO\VLVZDVDOVRSHUIRUPHGUH
JDUGLQJWKHWHPSHUDWXUHHIIHFW7RREWDLQDQHUURUOHVVWKDQLQWKHPHDVXUHPHQWRIWKHVNLQ
IULFWLRQWKHXQFHUWDLQWLHVRQWKHWHPSHUDWXUHPHDVXUHPHQWVKRXOGEHRIWKHRUGHURI
7KLVUHVXOWJLYHVDOVRDZDUQLQJRQWKHIDFWWKDWDOVRWKHDPELHQWWHPSHUDWXUHGXULQJWKHWHVWV
VKRXOGEHPRQLWRUHGDFFXUDWHO\

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)LJXUH&KDQQHOIORZRLOILOPDQGSUHVVXUHJUDGLHQWVNLQIULFWLRQFRPSDULVRQ
%\VXPPLQJWKHFRQWULEXWLRQVRIWKHDOOWKHXQFHUWDLQWLHVWKHSHUFHQWDJHHUURURQWKHVNLQ
IULFWLRQPHDVXUHPHQWVZDVHYDOXDWHG7KHVHUHVXOWVDUHUHSRUWHGLQILJXUH$VFDQEHVHHQWKH
XQFHUWDLQW\LVRIWKHRUGHURIIRUORZ5H\QROGVQXPEHUDQGWKHQLWUHGXFHVDVWKH5H\QROGV
QXPEHULQFUHDVHV
)LJXUH3HUFHQWDJHHUURURQWKHVNLQIULFWLRQPHDVXUHPHQWVIRUGLIIHUHQW5H\QROGVQXPEHUV
6RPHH[DPSOHVRIUHVXOWVFRQFHUQLQJWKHZDOOVLPLODULW\PHWKRGVDUHUHSRUWHGEHORZIRUWKH
YHORFLW\GLVWULEXWLRQPHDVXUHGLQWKHFHQWUDOSRLQWRIWKHIORDWLQJSODWH7KHYLUWXDORULJLQRIWKLV
SODWHZLWKRXWDWUXHOHDGLQJHGJHZDVHVWLPDWHGFRPSDULQJWKHGUDJFRHIILFLHQWPHDVXUHGE\
WKHEDODQFHDQGWKDWHYDOXDWHGXVLQJDZHOODVVHVVHGHPSLULFDOUHODWLRQIURPWKHOLWHUDWXUH
z{ = vyv|}^~5e>Uy,
,QILJXUHLQWKHVHPLORJDULWKPLFSODQHLVGLVSOD\HGWKHYHORFLW\GLVWULEXWLRQRIDOOWKHH[
SHULPHQWDOGDWDSRLQWVDVFRQWLQXRXVOLQH7KHLQIOHFWLRQDOSRLQWVKRZQLQUHGDQGSRVLWLRQHGLQ
WKHORJUHJLRQDOVRWKH,QSDUWLFXODULQILJXUHDZHFRQVLGHUWZRSRLQWVRIWKHOHIWVLGH1/ 
DQG WKUHHSRLQWRQ WKHULJKWVLGH15 RI WKH LQIOHFWLRQDOSRLQWZKLOH LQILJXUHEZHDF
FRXQWHGIRU1/ DQG15 
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
D E
)LJXUH'LPHQVLRQDOYHORFLW\GLVWULEXWLRQVDQGFKRVHQGDWDSRLQWVD1/ ±15 E1/ ±15 
2Q WKHEDVHRI WKHGDWDSRLQWV LGHQWLILHG IRU WKH WZRFDVH D0DWODE URXWLQHSURYLGHG WKH
UHVSHFWLYHYDOXHVRIWKHIULFWLRQYHORFLW\XVHGIRUWKHSORWX I\VKRZQLQILJXUH,QWKH
VDPHILJXUHWKHODZVFRUUHVSRQGLQJWRWKHGDVKHGOLQHVUHSUHVHQWWKHOLQHDUEHKDYLRULQWKH
YLVFRXVVXEOD\HUDQGWKHORJODZRWKHUWKDQWKHYDQ'ULHVWODZ
D E
)LJXUH9HORFLW\GLVWULEXWLRQVXVLQJWKHZDOOODZ&KRVHQGDWDSRLQWVD1/ ±15 E1/ ±15 

$VFDQEH VHHQ IURP ILJXUHE WKHGDWDSRLQWV1/DQG15 DURXQG WKH LQIOHFWLRQDO SRLQW
LGHQWLI\H[DFWO\WKHORJUHJLRQWKDWVXEVHTXHQWO\H[SORLWHGDOORZVWKHHYDOXDWLRQRIWKHIULFWLRQ
YHORFLW\)RUERWKFDVHVWKHIULFWLRQYHORFLW\LVDOPRVWLGHQWLFDODVZLOOEHUHSRUWHGLQWKHILQDO
WDEOHEHORZ,QILJXUHWKHUHVXOWVUHODWLYHO\WRWKHYDQ'ULHVWPHWKRGDUHVKRZQ7KHXSSHU
LQIOHFWLRQDOSRLQWLVYLVLEOHLQILJXUHDZKLOHLQWKHVHPLORJSODQHX I\LVGLVSOD\HGWKH
H[SHULPHQWDOGDWDDQGWKHODZVGHVFULEHGEHIRUH

D  E
)LJXUH9HORFLW\GLVWULEXWLRQVXVLQJYDQ'ULHVWHTXDWLRQ'DWDSRLQWVHOLPLQDWHGRQWKHOHIWVLGH
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$OVRIRUWKLVPHWKRGWKHUHPDLQLQJGDWDSRLQWDOORZVWRHYDOXDWHWKHIULFWLRQYHORFLW\ZLWKD
FHUWDLQGHJUHHRIDFFXUDF\ILWWLQJWKHYDQ'ULHVWUHODWLRQ6RPHGLVFUHSDQFLHVDULVHEHWZHHQWKH
H[SHULPHQWDOGDWDDQGWKHYDQ'ULHVWUHODWLRQLQWKHYHORFLW\RYHUVKRRWUHJLRQZKHUHWKHDQD
O\WLFDOUHODWLRQGRQRWWDNHQLQWRDFFRXQWWKHSUHVHQFHRIWKLVEXPSRIYHORFLW\,QWDEOHWKH
YDOXHVRIWKHIULFWLRQYHORFLW\KDVEHHQUHSRUWHGIRUWKHPHWKRGVWHVWHG
7DEOH)ULFWLRQYHORFLWLHVDQGSHUFHQWDJHHUURUV
,QWKHVDPHWDEOHDVUHIHUHQFHZHUHSRUWDOVRWKHUHVXOWVREWDLQHGXVLQJWKHHPSLULFDOUHODWLRQ
LQWURGXFHGEHIRUH$VFDQEHVHHQIURPWKHWDEOHWKHUHVXOWVIURPWKHORJODZPHWKRGDUHDOPRVW
WKHVDPHZKLFKHYHULVWKHQXPEHURIGDWDSRLQWVFRQVLGHUHG7KHEHVWUHVXOWVIRUWKLVPHWKRG
DSSHDUV IRU WKHFRPELQDWLRQ1/ DQG15  ,QVWHDGYDQ'ULHVW UHODWLRQKLJKOLJKWV IULFWLRQ
YHORFLW\FKDUDFWHUL]HGE\WKHKLJKHVWHUURUFORVH7KHORZDFFXUDF\RIWKHYDQ'ULHVWPHWKRG
ZLWKUHVSHFWWRWKHRWKHUVFDQEHGXHWRWKHSUHVHQFHRIWKHEXPSLQWKHH[SHULPHQWDOYHORFLW\
GLVWULEXWLRQORFDWHGLQWKHQHDUZDOOUHJLRQWKDWLVQRWFRQVLGHUHGE\WKHYDQ'ULHVWHTXDWLRQ
7KH&ODXVHUPHWKRGLVQRWVXUSULVLQJWKDWJLYHVWKHEHVWUHVXOWVLQDEVROXWHEHFDXVHRIWKHYLVXDO
RSWLPL]DWLRQSURFHVVWKDWDOORZVWKHILQHWXQLQJRIWKHIULFWLRQFRHIILFLHQW
7KHPHDVXUHPHQWVSHUIRUPHGE\WKHVNLQIULFWLRQIORDWLQJEDODQFHZHUHFRPSDUHGZLWKWKRVH
RIWKHRLOILOPWHFKQLTXHDQGWKRVHRIWKH&ODXVHUPHWKRG,QILJXUHWKHVHUHVXOWVLQWHUPVRI
GUDJFRHIILFLHQWDVDIXQFWLRQRIWKH5H\QROGVQXPEHUDUHVKRZQ0RUHRYHUWKHYDOXHVGHULYLQJ
IURPWKHHPSLULFDOUHODWLRQDUHUHSRUWHGLQWKHVDPHILJXUHDVUHIHUHQFH
)LJXUH&RPSDULVRQRIWKHGUDJFRHIILFLHQWVHYDOXDWHGE\GLIIHUHQWWHFKQLTXHV
0.0020
0.0025
0.0030
0.0035
0.0040
5.0E+05 1.0E+06 1.5E+06 2.0E+06 2.5E+06
Drag coefficient 
Re
Balance
Empirical relation
Clauser
Oil film
Method Data points Left Data points Right ut  [m/s] %Err_ut
  ( (
  ( (
  ( (
  ( (
  ( (
  ( (
Clauser ( (
Empirical Law     0.0576/Rex ^(1/5) ( (
Log law with inflection point
van Driest
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$VFDQEHREVHUYHGWKHUHVXOWVRIWKHWKUHHH[SHULPHQWDOWHFKQLTXHVDUHLQJRRGDJUHHPHQW
EHWZHHQHDFKRWKHU0RUHRYHU DOO WKH UHVXOWV FROODSVHRQ WKHFXUYHRI WKH HPSLULFDO ODZ ,Q
SDUWLFXODUWKHEDODQFHKDYHVKRZHGDJRRGOHYHORIDVVHVVPHQWDQGUHOLDELOLW\DQGWKLVLVLP
SRUWDQWIRUWKHQH[WLQYHVWLJDWLRQRQSODWHVKDYLQJVXUIDFHZLWKULEOHWVPLFURJURRYHV
4 CONCLUSIONS  
'LIIHUHQWZDOOVKHDUVWUHVVPHDVXUHPHQWVWHFKQLTXHVKDYHEHHQLQYHVWLJDWHGGHYRWHGIRUOR
FDODQG LQWHJUDWHGHYDOXDWLRQ7KHREMHFWLYHRI WKLVZRUN LV WRVHWXSUHOLDEOHPHWKRGV WREH
DSSOLHGLQLQYHVWLJDWLRQIRFXVHGRQWKHIULFWLRQGUDJUHGXFWLRQXVLQJJURRYHGVXUIDFHV2LOILOP
LQWHUIHURPHWU\WHFKQLTXHDQGWKHPRGLILHGZDOOVLPLODULW\WHFKQLTXHVKDYHEHHQFRQVLGHUHGIRU
WKHORFDOHYDOXDWLRQRIWKHVNLQIULFWLRQ0RUHRYHUDOVRWKHYDQ'ULHVWUHODWLRQDQGWKHFODVVLFDO
&ODXVHUPHWKRGKDYHEHHQWHVWHG7KHGHVLJQDQGWKHSHUIRUPDQFHVRIDEDODQFHEDVHGRQD
ODUJHIORDWLQJSODWHKDYHEHHQSUHVHQWHG7KHRSWLFDOWHFKQLTXHKDVEHHQYDOLGDWHLQDFKDQQHO
IORZH[SHULPHQWDQGWKHQDSSOLHGLQWKHWXUEXOHQWERXQGDU\OD\HUH[SHULPHQWGHYHORSLQJRQD
IODWSODWHDVUHIHUHQFHWHFKQLTXHEHLQJUREXVWDFFXUDWHDQGIUHHIURPFDOLEUDWLRQ)RUWKHERXQG
DU\OD\HUH[SHULPHQWRQWKHIORDWLQJSODWHWKHVNLQIULFWLRQPHDVXUHPHQWVWHFKQLTXHVKDYHEHHQ
XVHGDQGWKHUHVXOWVKDYHEHHQFRPSDUHG$YHU\JRRGDJUHHPHQWRIWKHUHVXOWVHPHUJHVIRUWKH
FRPSDULVRQEHWZHHQ WKHGLIIHUHQW WHFKQLTXHV  ,QSDUWLFXODU  WKHEDODQFHVKRZVDPD[LPXP
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